Using angle-resolved photoemission spectroscopy (ARPES), we study the electronic structure and electronphonon coupling in a Li-doped graphene monolayer decoupled from the Co(0001) substrate by intercalation of silicon. Based on the photoelectron diffraction measurements, we disclose the structural properties of the Si/Co interface. Our density functional theory calculations demonstrate that in the studied Li/graphene/Si/Co system the magnetism of Co substrate induces notable magnetic moments on Li and Si atoms. At the same time graphene remains almost nonmagnetic and clamped between two magnetically active atomic layers with antiparallel magnetizations. ARPES maps of the graphene Fermi surface reveal strong electron doping, which may lead to superconductivity mediated by electron-phonon coupling (EPC). Analysis of the spectral function of photoelectrons reveals apparent anisotropy of EPC in the k space. These properties make the studied system tempting for studying the relation between superconductivity and magnetism in two-dimensional materials.
I. INTRODUCTION
Many-body interactions in crystalline solids and their peculiarities result in a wealth of extraordinary properties and phenomena like Kondo and heavy-fermions behavior, Mott transition, formation of charge and spin density waves, superconductivity, and many others. In conventional models of superconductivity the formation of Cooper pairs was conclusively established to be the result of strong electronphonon coupling (EPC). Recently, the breakdown of the high-temperature superconductivity (more than 200 K) was demonstrated for the conventional phonon-driven superconductor H 2 S gas at very high pressure [1] . However, the majority of materials exhibit lower transition temperatures. For example, superconductivity in graphite intercalation compounds (GICs), which were intensively studied in the past, reveals a maximum superconducting transition temperature T C of 11.5 K for Ca-doped graphite with a stoichiometry of CaC 6 [2, 3] . The appearance of superconductivity in this material was explained by strong EPC, which appears upon Ca doping. Further theoretical calculations [4] demonstrate that there are three major contributions to EPC that arise from (i) in-plane C phonons (C xy ) coupled to π * electrons, (ii) in-plane Ca phonons (Ca xy ) coupled to π * electrons, and (iii) out-of-plane C phonons (C z ) coupled to the Ca electronic band. Subsequent angle-resolved photoemission spectroscopy (ARPES) measurements with sophisticated analysis of the * dmitry.usachov@spbu.ru spectral function confirmed the first and the third contributions [5] , while observation of Ca xy phonons currently seems beyond the possibilities of ARPES instruments.
Observation of superconductivity in Ca-doped graphite has renewed and initiated further studies of graphite intercalation compounds in order to deeply understand the EPC and its relation with superconductivity. Recent ARPES studies of graphite doped with Li, K, and Ca have shown that EPC strength and T C steadily depend on the filling of the π * band [6] [7] [8] . From these observations it was concluded that the major role of intercalants is to provide the charge to the graphene bands, while superconductivity mostly originates from the graphene sheets [8] . However, this is in contradiction to the theoretical studies that have established the significant role of the interlayer metal bands [4, 9] .
The studies of GICs have raised a question about the possibility of superconductivity in single and bilayer graphene doped with alkaline and alkaline-earth metals. For example, it was theoretically predicted that a Li-covered graphene monolayer would become superconducting at 8.1 K (in contrast to the nonsuperconducting bulk LiC 6 GIC), while Ca-doped graphene may have a much smaller T C of about 1.4 K due to strong EPC [9] . It was proposed that the reason for such a difference is the much stronger EPC in the LiC 6 system due to the interlayer band which crosses the Fermi level E F . Using ARPES, the superconducting gap in Li-doped graphene formed on SiC was directly measured, and T C = 5.9 K was estimated [10] . Direct proof of superconductivity in such graphene-based systems came recently from transport measurements which found T C = 4-6 K in Ca-doped graphene laminates [11] and T C = 2 K for Ca-doped bilayer graphene grown on a SiC substrate [12] .
The ARPES studies of GICs have demonstrated that EPC is indeed anisotropic in k space [6, 7, 13] . Further ARPES measurements of a K-doped single graphene layer on gold [14] and a Rb-intercalated bilayer graphene on SiC [15] have also revealed strong anisotropy of EPC. A rather recent systematic ARPES study of graphene monolayer on Au and Ge doped with different metals has shown that anisotropy is seen for all these cases [16] and for any kind of dopant with maximal predicted T C = 1.5 K for Ca-doped graphene [17] . In the case of a graphene monolayer, the anisotropy is observed for the low-energy part of the k-resolved Eliashberg function below 80 meV [17] , and the nature of these low-energy phonon modes remains unclear.
Previous studies [16, 17] of anisotropic low-energy phonon modes contributing to EPC were limited to the analysis of only two symmetric directions in the Brillouin zone (BZ) of graphene. Here we perform an analysis of both symmetric and nonsymmetric directions in BZ. We explore the crystal and electronic structures of a multilayer graphene/Si/Co(0001) system doped with lithium. We also consider contributions of different phonon modes to EPC and analyze the effect of the substrate material on the doping level and EPC strength in graphene. One of the curious results of our work is that densityfunctional theory (DFT) analysis suggests that Si-and Lirelated bands become strongly spin polarized due to exchange interaction with the ferromagnetic Co substrate. Thus, we can conclude that here graphene lies between two magnetically active layers and at the same time exhibits strong and highly anisotropic EPC experimentally derived from ARPES measurements. This makes this system rather tempting for studying possible superconductivity and its relation to magnetism.
II. METHODS
Single-layer graphene was synthesized under ultrahighvacuum (UHV) conditions by chemical-vapor deposition on crystalline Co(0001) film with a thickness of ∼10 nm, deposited on a clean W(110) surface. The base pressure in the UHV chamber was 2×10 −10 mbar. The low-energy electron diffraction (LEED) patterns of the metal film showed a sharp (1×1) hexagonal pattern, indicating its good crystallinity. The graphene synthesis was performed as follows: The substrate was heated up to a temperature of 650
• C; then propylene (C 3 H 6 ) with a pressure of 10 −6 mbar was introduced into the UHV chamber for 15 min. Under these conditions graphene growth starts immediately on the hot metal surface and stops when the catalytically active metal is passivated with a single graphene layer [18, 19] . The synthesis of graphene was performed at the Resource Center "Physical Methods of Surface Investigation" of the Research Park of Saint Petersburg State University (SPbU).
After synthesis, the graphene/Co sample was transferred to the ARPES setup through the atmosphere. As shown recently, in the case of a well-oriented graphene layer considered in the present study exposure to air does not affect the interface between graphene and the Co(0001) substrate [19] . The clean graphene surface was restored by annealing the sample in UHV at a temperature of 500
• C. Further silicon intercalation under graphene was performed by deposition of 5Å of Si followed by annealing at 600 • C. This procedure was repeated several times until homogeneous decoupling of graphene from Co was reached. This was evidenced by a single C 1s peak in the x-ray photoemission spectroscopy (XPS) spectrum and a Dirac cone in the ARPES spectra in agreement with the published data [20, 21] .
The XPS and ARPES measurements were carried out using the RGBL-2 SR-ARPES station at the UE-112 PGM-1 beamline of the BESSY II synchrotron radiation facility (Helmholtz-Zentrum Berlin). For ARPES measurements a photon energy of 36 eV was used, and the temperature was about 20 K; the energy resolution was not worse than 10 meV. The XPS spectra were acquired at a photon energy of 350 eV at an angle of ∼36
• from the surface normal. The calculations of photoelectron diffraction were performed using multiple-scattering formalism (MSC) implemented in the Electron Diffraction in Atomic Clusters (EDAC) program [22] . The Si-Co distance, the two upper interlayer distances in the cobalt substrate, the inner potential, the surface boundary position, and the Debye temperature were varied to achieve the best agreement with experiment. For quantitative estimation of agreement between calculated and measured diffractograms, an R-factor analysis was used as defined in Ref. [23] .
The DFT calculations were carried out within the generalized gradient approximation to the exchange-correlation potential in the Perdew-Burke-Ernzerhof version [24] as implemented in the FPLO-14.00-48 code (improved version of the original FPLO code by Koepernik and Eschrig [25] ). The system was modeled using an eight-layer-thick Co film with the studied atomic layers (Si, graphene, and Li) on both sides. The atomic positions were relaxed until the forces on each atom were less than 10 −2 eV/Å. A k-point grid of 8×8×1 was used to sample the BZ. We have considered fcc and hcp positions of Si atoms and found that the fcc location is more favorable for both Si/Co and graphene/Si/Co systems. The energy difference between the fcc and hcp positions was 33 meV. The equilibrium distance between graphene and Si was found to be nearly 3.3Å.
Our approach for EPC-related analysis of the ARPES data is based on Refs. [17, [26] [27] [28] [29] [30] and described in Ref. [31] .
III. RESULTS AND DISCUSSION

A. Crystal structure
The LEED pattern of the graphene/Co system has demonstrated a perfect hexagon image with sharp spots and a rather low background (see Fig. 1 ). This indicates that the created single-layer graphene is well oriented and forms a sharp interface with the substrate; thus, their lattices fit very well with each other. This is also evidenced from XPS measurements. Inspecting the C 1s spectrum, we could clearly resolve the splitting of the 1s line into two components, which unambiguously correspond to the two carbon sublattices [18] . According to our previous study [18] , the right feature corresponds to the C sublattice located atop Co atoms, while the left peak originates from the C sublattice adsorbed above the hollow sites of the Co substrate. Note that the intensities of these two peaks are not equal due to photoelectron diffraction effects [18] . After deposition and intercalation of silicon at the elevated temperature the XPS spectrum transforms, and C 1s now reveals a single peak which is shifted to lower binding energies. This observation suggests that the interface is changed, and Si atoms penetrating inside modify it, essentially unleashing graphene from strong interaction with the Co surface [20] . At the same time the LEED pattern also undergoes modifications, and now it shows formation of a (
• structure. To prove that this structure originates from a Co(0001) surface modified by silicon atoms, we have performed a test experiment and deposited about 0.3 monolayer (ML) of Si on a clean Co(0001) film. After annealing at 500
• C the Si/Co system demonstrated a rather similar ( √ 3× √ 3)R30
• structure. The XPS spectrum taken from such system reveals a single spin-orbit doublet with the Si 2p 3/2 component at 98.9 eV of binding energy (BE; see Fig. 1 ). A similar doublet was also seen after intercalation of Si underneath graphene on Co(0001). However, in the latter case another doublet with significantly lower intensity can be detected at an energy of 99.3 eV. Our analysis suggests that this corresponds to a solid solution of Si in the Co film [21] . Thus, we may conclude that silicon intercalation leads to the formation of a graphene/Si/Co x Si system with x 6 according to the quantitative XPS analysis [21] .
The performed test experiment therefore allows us to conclude that silicon atoms form similar structures on a bare Co surface and underneath graphene. In that regard, the essential question will be the structure of the Si/Co interface. In general, Si atoms may either be adsorbed on the Co surface or form an alloy, as proposed in previous works [20, 21] . In order to explore this point and determine the positions of Si atoms, we have measured the dependence of the photoemission intensity of the Si 2p line as a function of the photon energy using the normal emission geometry of the experiment, which is called angleresolved photoemission extended fine structure. Due to the photoelectron diffraction effect this dependence is a fingerprint of the local atomic structure around the Si atoms. In addition to that to determine the Si/Co(0001) interface structure, we have carried out calculations of photoelectron diffraction.
The respective data obtained for different arrangements of Si atoms at the Co substrate along with the experimental results for the graphene/Si/Co system are shown in Fig. 2 . In calculations, we have considered the ( √ 3× √ 3)R30
• structure of the adsorbate that was seen in LEED. The best agreement was achieved when Si atoms occupy fcc sites, i.e., when they are located above the octahedral cavities of the Co(0001) substrate. The optimal Si-Co distance was found to be 1.75Å in both photoelectron diffraction and DFT calculations. The hcp adsorption sites also have reasonable agreement with the experiment; however, our DFT calculations showed that fcc sites are more energetically favorable. Based on these results, we propose the structural model shown in Fig. 3 , where Si atoms occupy fcc sites and the C atoms of graphene remain in the top-fcc positions, which is the most favorable structure for the initial graphene/Co system [18] .
B. Electronic structure
The electronic structure of graphene on Co(0001) and in particular its π states undergo essential modifications upon Si intercalation. For the native graphene/Co(0001) system the Dirac cone band shows splitting in two components due to strong mixing of the C 2p and Co 3d states [18, 32] . After penetration of Si underneath graphene, the Dirac cone is almost restored, and its dispersion becomes similar to that of freestanding graphene. This can be nicely seen in Fig. 4 . The interaction with the substrate leads to only a minor n-type doping of 0.15 eV. Such a tiny doping effect does not allow us to detect the presence or absence of a band gap in the electron-energy spectrum close to the Fermi energy E F .
The obtained ARPES data are fully consistent with the results of DFT calculations performed for the graphene/Si/ Co(0001) system, as shown in Fig. 5 . Ferromagnetism of the cobalt substrate leads to spin splitting of not only Co states but Si-derived states as well. For example, the unoccupied surface state which stems from Si atoms is easily seen in the projected band gap around the K point. The magnetic moment of Si atoms was found to be 0.26μ B and is aligned antiparallel to the magnetic moment of Co atoms. The magnetic moment of C atoms, however, does not exceed 0.008μ B , and therefore, the π and π * bands of graphene exhibit negligible spin splitting. Our calculation confirms that graphene of the considered system is quasifreestanding. This is supported by the absence of hybridization between the electronic states of carbon and the substrate. The latter prevents the strong exchange interaction with the underlying substrate and consequently leads to the absence of magnetism in graphene. However, the underlying Si-Co substrate is magnetic, with a notable moment at Si atoms. A closer look at the E F region also suggests that the π band is almost unperturbed and there is no band gap at the Dirac point. Only a tiny n-type charge doping is seen, which is in agreement with the experiment.
After deposition of Li on top of the graphene/Si/Co system the ARPES data demonstrate a strong charge doping of graphene. This is clearly visible in Figs. 6(a) and 6(b) , where the Dirac point appears to be shifted to an energy of 1.6 eV below E F . The best description of the π -band dispersion is achieved when we assume a gap of ∼0.4 eV at the K point. The possible nature of the gap is explained in Ref. [33] . Briefly, in the tight-binding description the gap opening is related to changes in the hopping integrals of the C-C bonds around the Li atoms when they are adsorbed in the centers of hexagons and form a (
• structure, which is commonly observed in Li-intercalated graphite. We cannot prove that in our sample Li atoms form such a structure because the corresponding LEED pattern cannot be distinguished from the LEED pattern of the Si layer, which has the same unit cell. However, the band gap observation allows us to suppose that in our system Li atoms tend to form a ( √ 3× √ 3) structure on the graphene surface. To prove that Li remains mainly at the graphene surface, we performed angle-dependent XPS measurements (not shown). Their results indicate that at the grazing angle the ratio of the signals from Li 1s to C 1s is higher than that for the normal emission, implying that Li atoms remain primarily on top of graphene. structure shown in Fig. 3 . These results give a Dirac point BE of 1.6 eV and a gap width of 0.4 eV, which are in perfect agreement with the ARPES observations. Such agreement supports the validity of the proposed structural model for the analysis of the electronic band structure. Inspecting the computed band structure, we can conclude that the π band has negligible spin splitting, similar to the bare graphene/Si/Co system. Calculations suggest that the magnetic moment of carbon atoms does not exceed 0.005μ B . In contrast, Li atoms exhibit a notable magnetic moment of 0.12μ B that on its own looks curious and can be explained by exchange coupling with Co. Interestingly, the moments of Li are aligned in a parallel manner with the magnetic moment of Co atoms, while Si moments remain in the antiparallel alignment. The exchange spin splitting of the Li 2s band is clearly seen in Fig. 6(c) , and its value is 350 meV. The magnetic moment of Si atoms remains almost unchanged (−0.28μ B ) upon Li doping. Thus, we can see that graphene is confined from both sides by magnetically active Li and Si layers, where magnetism stems from exchange interaction with the ferromagnetic Co substrate, and the magnetic moments in Li and Si layers are antiparallel to each other.
In Fig. 6(b) we show the Fermi surface map for the Li/graphene/Si/Co system derived from ARPES measurements. If we assume that the density of π states remains unchanged upon Li adsorption, then the k-space area within the Fermi contour allows us to estimate the charge transfer from Li to graphene that is 0.15 of the electron charge per (1×1) graphene unit cell. This value corresponds to the concentration of electrons in the conduction band of nearly 3×10 14 cm −2 , which is notably higher than the doping level in the Li/graphene/Au/Ni system studied previously with regard to EPC [17] . In our case, inserting a nonmetallic Si layer between graphene and the metallic substrate enhances significantly the doping level of graphene. Thus, the currently considered Li/graphene/Si/Co system becomes rather curious with regard to the subject of EPC, which may lead to a T C value of more than 8 K according to theoretical estimations [34] .
C. Electron-phonon coupling
It is well known that ARPES data contain information about many-body interactions in crystalline solids when the itinerant electrons couple with different quasiparticles like phonons. Electron-phonon coupling can be visualized as a series of kinklike features in the ARPES data in the vicinity of E F and has been widely discussed in the past [35] . For our system, the respective kinks can be very well distinguished in the ARPES data shown in Fig. 7 .
In order to extract reliable values of the EPC constant the analysis procedure was preliminarily tested on the simulated APRES data [31] . From this analysis we found that in the case when the ARPES data are measured along the direction which does not go through the K point of the BZ, reliable results can be obtained only when the momentum distribution curves (MDCs) are approximated with an asymmetric peak function multiplied by a momentum-resolved photoemission cross section of the graphene π band. Thus, to fit the MDC profiles we use the following function:
where β is the peak half width, α is the peak asymmetry, and C A (k) and C B (k) are Bloch wave-function amplitudes on the two carbon sublattices. The latter coefficients were determined from the tight-binding approximation of the measured Dirac cone. Figure 7 shows the ARPES data measured in four different directions of k space. For each direction the Eliashberg function and the EPC constant λ were determined using the procedure described in Ref. [31] . Following previous work [17] , the Eliashberg function α 2 F (ω) was approximated with three peaks, namely, p 1 , p 2 , and p 3 . This is already enough to achieve good approximations for the real and imaginary parts of the self-energy , shown in in-plane optical phonons of graphene. They are so close in energy that they can be successfully approximated even with a single peak. Peak p 1 has an energy of 50-80 meV. This peak has a maximal intensity in the KM direction of the BZ (direction 1 in Fig. 6 ). For this case the estimated value of the EPC constant reaches λ = 0.40. The intensity of the p 1 mode decreases when the measurement plane moves away from the KM direction. This is accompanied by a decrease in λ to a value of 0.26. This kind of anisotropy of EPC was observed for different systems with graphene doped by alkali metals [17] ; thus, it is an intrinsic property of doped graphene. However, previous studies were limited to the two high-symmetry directions of BZ. Here we extend the analysis by considering the nonsymmetric directions. Figure 8 demonstrates how the value of λ is changed in k space when the measurement point is moving along the Fermi contour around the K point. It shows that λ reaches a minimum in the K direction. The bottom curve in Fig. 8 , labeled λ 23 , shows the contribution of peaks p 2 and p 3 to the EPC constant. It can be seen that this contribution exhibits only small variations within the range of 0.21-0.25; thus, it is nearly independent of the direction, in agreement with the theoretical calculation [36] . This observation allows us to conclude that the anisotropy of λ is caused by interaction with low-energy phonons that are related to peak p 1 .
The nature of the anisotropic peak p 1 is not well known. Theory predicts rather isotropic intrinsic EPC in doped graphene [36] . Therefore, this peak should be related to the presence of either the substrate or dopant. Its energy is notably higher than the typical energies of metal-related phonons; thus, it cannot be related to the phonons of the dopant. It should originate either from the out-of-plane phonons or from the in-plane acoustic phonons of graphene. The interaction of the out-of-plane phonons with π electrons is negligible in isolated graphene [37] . However, theoretical studies of GICs and doped graphene demonstrate that the presence of metal may lead to strong enhancement of the interaction of out-of-plane graphene phonons with π electrons because of coupling to the electronic band of metal [4, 9, 38] . Nevertheless, self-energy calculations for the Ca-intercalated bilayer graphene demonstrate no apparent anisotropy for the kink at 70 meV [38] . Thus, understanding the nature of the observed anisotropy requires further theoretical studies. 
IV. CONCLUSIONS
We have experimentally constructed a system where initially well ordered graphene on a Co(0001) substrate was forced to become quasifreestanding upon Si intercalation. Using photoelectron diffraction, we were able to disclose the structure of the obtained system and explore it theoretically. The first curious result is that the Si layer, which blocks the interplay of graphene with Co, becomes magnetic underneath graphene. Upon further doping with Li atoms, we found that the doping level of graphene becomes essentially higher than, for example, in purely metallic systems such as the widely explored Au-intercalated doped graphene systems. This demonstrates that the substrate plays an essential role in the charge transfer and the value of doping. At the same time, the Li layer above graphene is also magnetic. Like for the Si layer, this is due to exchange magnetism with the Co substrate. Thus, quasifreestanding graphene becomes trapped from both sides by magnetically active Li and Si layers, where the magnetic moments lie in plane and are oriented antiparallel to each other. The latter implies that the C atoms should possess a quite small moment, as we indeed confirmed theoretically.
Analysis of electron-phonon coupling at different points of graphene's Fermi surface demonstrates pronounced anisotropy of the EPC. This anisotropy originates from phonon modes with energies of 50-80 meV, while the contribution from optical phonons at energies of >160 meV is almost isotropic. On the one hand, our data imply that in such a graphene-based system superconductivity might be expected at a few kelvin. However, the rather curious exchange magnetism induced in the neighboring Si and Li layers could suppress it. All this makes this system tempting for disentangling the relation between superconductivity and magnetism in ultrathin layers.
